Abstract. All communities vary through time. This variability originates from both intrinsic and extrinsic sources. Intrinsic sources are due to actions of organisms in a community, i.e., population dynamics and species interactions, while extrinsic variability is variability created by elements of habitat or environmental change. There is a growing appreciation that these two sources may interact, producing patterns of community variability that cannot be predicted or explained by focusing on a single source. We performed a field experiment that simultaneously manipulated trophic structure (intrinsic) and habitat heterogeneity (extrinsic) in order to examine the interaction between sources of variability in a South Carolina (USA) stream macroinvertebrate community. To manipulate trophic structure, we experimentally altered local abundances of crayfish which are keystone species and ecosystem engineers, while our manipulation of habitat was to alter stream substrate heterogeneity. We focused on two types of community variability as responses to our manipulations: aggregate variability (i.e., variability of summed species) and compositional variability (i.e., variability in relative abundances of species) by monitoring community composition through a 10-week experiment. We found that community dynamics shifted from patterns in variability indicative of synchrony (high aggregate variability þ low compositional) to variability indicative of compensation (low aggregate variability þ high compositional) along a gradient of increasing habitat heterogeneity. However, the shift in community dynamics only occurred when crayfish were present in the community. Supporting evidence from the experiment suggested that sediment engineering effects of crayfish acted as a community-wide perturbation in low-heterogeneity habitat creating synchronous dynamics. However, in high-heterogeneity enclosures, crayfish effects were moderated by refugia provided by a more complex substratum. The switch from synchronous to compensatory dynamics is significant since compensation stabilizes aggregate community properties and ecosystem functions while synchrony frequently exacerbates aggregate variability. Results from this experiment demonstrate that an interaction between intrinsic and extrinsic sources of variability can alter community dynamics and that such an alteration does not occur in the absence of an interaction.
INTRODUCTION
All natural communities vary temporally (Micheli et al. 1999) due to intrinsic factors such as population dynamics and species interactions, as well as the extrinsic pressures exerted by fluctuating environments Cardinale 2004, Thebault and Loreau 2006) . Variability of ecological communities affects the reliability of ecosystem processes (Naeem and Li 1997) and can be an indicator of ecosystem stress (Odum et al. 1979) , therefore understanding the relative influence of intrinsic and extrinsic factors on community temporal variability is vital to our understanding and management of natural systems (Cottingham et al. 2000) . The importance of understanding the causes and consequences of variability in communities is exacerbated by mounting evidence suggesting that global climate is becoming more variable (Easterling et al. 2000 , Diffenbaugh et al. 2005 which is consequential for most natural systems, but is of special concern for aquatic ecosystems based on predictions of increasingly variable precipitation regimes (Xenopoulos et al. 2005) .
Measurement of community variability is complicated by the fact that ''variability'' may be measured as two distinct but related quantities: aggregate variability and compositional variability (Silvertown et al. 1994 , Micheli et al. 1999 . Aggregate variability is variance in a community property that has been summed across all species-for example, total abundance or total biomass (Micheli et al. 1999 )-and is usually measured as the coefficient of variation (CV) of the aggregate through time (Cottingham et al. 2001 ). Many ecosystem func- 1 E-mail: bbrown3@clemson.edu tions are also aggregate measures (e.g., productivity, community metabolism). On the other hand, compositional variability is a measure of the variance in community composition, accounting for changes in relative abundance of species (Micheli et al. 1999 ) and is frequently measured using simple comparisons of relative abundance, or using multivariate techniques that measure community change in n-dimensional species-space created through ordination (Collins et al. 2000 , Brown 2003 , 2007 . While both measures of community variability may be informative on their own, their true utility is that, when considered in combination, they define several types of community dynamics: stasis, synchrony, compensatory dynamics, and asynchrony (Table 1 ; Micheli et al. 1999) . Communities in stasis do not vary appreciably through time, either in terms of aggregate or compositional variability, most likely due to tightly self-regulating consumers or strongly coupled competitive interactions between species (Clements 1916 , Micheli et al. 1999 . Asynchronous dynamics are the state of high aggregate and high compositional variability and may be caused by several mechanisms, including species in a community responding differently to perturbations (Barry et al. 1995) , species responding to different abiotic drivers (Hutchinson 1961) , or to Lotka-Volterra-style consumerresource interactions (Gause 1935) . Both stasis and aysynchrony are dynamics involving little or no covariance between species. In contrast, compensation and synchrony are dynamics requiring covariances between species in a community, positive in the case of synchrony and negative for compensation. Synchrony typically occurs when species respond similarly to perturbations, changes in resources, or environmental fluctuations (Guo and Brown 1997, Loreau and de Mazancourt 2008) . Compensation is most frequently thought to occur in communities with strong competitive interactions in response to environmental perturbation or resource fluctuation (Frost et al. 1995) . If we view potential community dynamics as a set defined by two axes-compositional and aggregate variabilitythese four states represent extremes, and most communities likely display less dramatic and categorizable dynamics (Table 1; Micheli et al. 1999) . Nevertheless, the two facets of variability are a useful framework within which to discuss community dynamics. Intrinsic controls on community variability have long been a source of interest and debate among ecologists.
Among the most controversial issues have been how diversity and complexity of communities and food-webs are related to community stability and community responses to environmental perturbations (MacArthur 1955 , May 1972 , Pimm 1984 , Tilman 1999 . However, diversity and complexity are not the only intrinsic community properties thought to affect variability. The distribution of interaction strengths between species in a community (Paine 1980, McCann and Huxel 1998) , species dominance (Hillebrand et al. 2008) , and the number of trophic levels in a food web (Sterner et al. 1997 ) have all been argued as consequential for community variability. Additionally, recent investigations focusing on the role of community structure have discovered that aggregate community variability may actually be decreased in response to perturbations when community structure encourages compensatory dynamics (Gonzalez and Descamps-Julien 2004, Downing et al. 2008) , and that food web dynamics may be stabilized by synchronous dynamics (Vasseur and Fox 2007) .
Extrinsic drivers and influences on community variability are many and diverse, ranging from climatic fluctuations and geographic factors, to abiotic disturbances and the patchy distribution of habitat. Extrinsic sources of variability also occur over an extremely wide range of spatial scales (Levin 1992, Guichard and Steenweg 2008) and they are known to induce both synchrony (Cazelles and Boudjema 2001, Keitt 2008) and compensation (Downing et al. 2008, Thibault and , and to affect both aggregate and compositional variability of communities (Oberdorff et al. 2001) . There is increasing recognition that these extrinsic sources of variability interact with intrinsic population and community processes to influence community variability, frequently with outcomes that are not readily predictable by basic knowledge or models of ecological systems Klopfer 1997, Orland 2003) .
Our goal was to experimentally examine how a community would respond to a simultaneous manipulation of two potential influences on community variability: one intrinsic and one extrinsic. Our intrinsic influence was the manipulation of community structure using a keystone species that is also an ecosystem engineer, while our extrinsic influence was a manipulation of habitat heterogeneity. We performed the study using stream macroinvertebrate communities which are diverse, complex and come with a rich history of prior research, including detailed knowledge of taxonomy and life history (Merritt and Cummins 1996, Poff et al. 2006) . Our manipulation of community structure (i.e., our intrinsic factor) was accomplished by manipulating the abundance of crayfish which act as both keystone species and ecosystem engineers in aquatic systems (Creed 1994) . They affect macroinvertebrate community composition through both direct consumptive and indirect effects (Creed 1994 , Zhang et al. 2004 . They also affect the base of the stream food web by Note: After a framework proposed in Micheli et al. (1999) .
influencing decomposition of detritus (Huryn and Wallace 1987, Creed and Reed 2004) and both productivity and biomass of algae (Charlebois and Lamberti 1996) . Crayfish act as ecosystem engineers due to their influence on sediment levels through both passive and active bioturbation through movement and foraging behaviors (Statzner et al. 2000, Creed and Reed 2004) and through sediment removal by direct consumption (Helms and Creed 2005) . As an experimental manipulation of an extrinsic habitat factor, we manipulated substrate, an extremely influential component of stream macroinvertebrate habitat (Minshall 1984 , Brown 2003 , to create experimental gradients of substrate heterogeneity. Prior to the experiment, we hypothesized that the presence of an active predator and ecosystem engineer (i.e., crayfish) would act as a community-wide perturbation and produce responses in community variability indicative of synchrony, but that predator/engineer effects would be decreased by increasing habitat complexity due to spatial refugia from crayfish activity for smaller macroinvertebrates.
METHODS

Experimental field manipulations
We manipulated habitat (i.e., substrate) heterogeneity in 20 enclosures in SixMile Creek in the Clemson Experimental Forest (CEF), Clemson, South Carolina, USA (see Plate 1). SixMile Creek is a second-order stream with an average wetted width of ;9 m, thalweg depth of 0.19 m in riffle areas, and discharge of ;0.065 m 3 /s during the study period. Stream substrates are a mix of cobbles and gravels in riffle and run (i.e., habitat typified by shallow water but generally laminar flow; intermediate between riffle and pool) areas, and finer sediments (e.g., sand, silt, and associated detritus) in lower-flow areas.
We placed 20 1 3 0.6 3 0.5 m (length 3 width 3 height) enclosure/exclosure cages in sections of run habitat along a ;300 m reach of stream. The enclosures were constructed of 12.5 mm mesh hardware cloth and closed on all sides. The enclosure top was permanently attached to the cage body along only one side, creating a hinged lid that allowed access to the enclosures. When not being accessed, the top was secured using metal binder clips. Cage location was determined by two sets of criteria. First, we wanted all cages to be in hydrologically similar locations. We therefore placed all enclosures within relatively deep riffle/run areas with a mean depth of 0.13 6 0.060 m (mean 6 1 SD) and an average current velocity of 0.092 6 0.064 m/s. Second, we wanted to preserve the correspondence between substrates and locations within the stream to the greatest extent possible. The natural occurrence and location of substrates within streams is a product of geology and hydrology and we did not wish to produce novel environments. For this reason, cage locations were also chosen based on their existing habitat heterogeneity, i.e., we primarily relied on naturally occurring substrate heterogeneity for constructing our heterogeneity treatment, though we sometimes augmented heterogeneity to a small degree. Once locations were chosen, we removed the top layer of substrates before inserting and filling the enclosures with substrate, thus effectively embedding the enclosures in the substratum. Prior to filling the enclosures, we also inserted eight 25 3 20 cm hardware cloth trays (0.25 inch [7 mm] mesh) that would serve as sampling devices.
We manipulated substrate heterogeneity in the enclosures using naturally occurring stream substrates. Manipulation was accomplished partly through enclosure location as previously described, and partly through direct manipulation. In large part, substrate heterogeneity in the enclosures represented naturally occurring heterogeneity at the enclosure location with substrates simply translocated into the enclosures. However, in order to produce a wide range in substrate heterogeneities, we also added or removed classes of substrates in order to augment naturally occurring heterogeneity. We used the following categories of substrates in our manipulations: gravel, small, medium, and large cobbles (,3 cm, 3-6 cm, 6-12 cm, .12 cm diameter respectively), silt/sand, small woody debris (!2 cm diameter), and organic detritus primarily composed of decomposing leaf litter found in-stream. We did not attempt to control for substrate identity, only substrate heterogeneity, and therefore plots of similar heterogeneities could contain different combinations of substrates. We chose to construct habitat heterogeneity as a continuous treatment (i.e., a regression design) for two reasons. First, since we relied heavily on existing substrate heterogeneity, finding true ''replicate'' plots would have been difficult since we would have been controlling simultaneously for hydrology and heterogeneity. Second, our previous research suggested that we would see linear responses of variables to the heterogeneity gradient, and simple linear regression is more powerful than ANOVA when trends are linear (Cottingham et al. 2005) . To quantify substrate heterogeneity, we used Simpson's index which gives relatively equal weight to the number and the evenness of substrate types included in an enclosure (Li and Reynolds 1994 , Brown 2003 , 2007 ). Simpson's index requires an estimate of relative abundance between categories (substrates) which we conducted twice: first visually when scouting plot locations and more rigorously when we translocated substrates into the enclosures. We completed the initial experimental setup on 11 July 2007, then waited 14 days before initial data collection on 25 July. This interval was intended to allow colonization of benthic macroinvertebrates and establishment of algal and microbial communities which should have been rapid since we placed substrates directly from SixMile Creek into our enclosures (Oemke and Burton 1986 , Mosisch 2001 , Billi and Potts 2002 .
The method described above produced two gradients of substrate heterogeneity with each gradient composed of 10 enclosures. Because of the patchy nature of stream substrates, enclosures were naturally haphazardly located through the stream so that location along the experimental reach was unrelated to substrate heterogeneity. The two heterogeneity gradients were formed by simply dividing the enclosures into two groups so that both groups represented a similar range in substrate heterogeneity. We then randomly chose one of the two gradients and added one adult crayfish (Cambarus bartonii ) to each enclosure in the gradient. Therefore the basic experimental design had 20 total experimental units: 10 with crayfish and 10 without, with each set of 10 enclosures spanning a range in substrate heterogeneity. To our knowledge, C. bartonii is the only crayfish species in SixMile Creek. The crayfish in our manipulation had a mean blotted wet mass of 9.52 6 1.1 g (61 SD) which is approximately two-thirds of the maximum size attained by C. bartonii in SixMile Creek. We estimated the natural density of crayfish in SixMile Creek to be ;1 crayfish/m 2 based on surveys of large (.1-yr-old) crayfish. Since this estimate represents a minimum density, our experimental density of 1.6 crayfish/m 2 (or 1 crayfish per enclosure) was not unreasonable for the experiment. We actively excluded any crayfish that were in the process of molting or had obviously molted in the recent past. Crayfish were not added until the first sampling date (25 July) following the collection of the first set of samples.
Sampling and laboratory analyses
We sampled enclosures weekly between 25 July and 12 September 2007 for a total of eight samples. As mentioned previously, the 25 July sample was also collected prior to the addition of crayfish so that sample 1 represents a pre-crayfish condition. On each date we collected or measured a wide range of response variables and environmental covariates. Samples for benthic macroinvertebrates, standing algal biomass, and organic matter (OM) were collected simultaneously; we randomly chose one of the eight trays in each cage, carefully transferring the trays from the enclosure into a plastic dishpan, and then using soft brushes to gently scrub all of the coarse substrates in the tray, carefully rinsing and removing any attached material. Filtrate, fine sediments, and OM collected in benthic samples were stored and transported to the laboratory. These samples contained the benthic macroinvertebrates and algae, either attached to fine sediments or scrubbed from coarse sediments. After scrubbing, we placed coarse substrates back into the tray, added an amount of fine substrate equivalent to the amount removed from the enclosure, then returned the tray to the enclosure so that the overall substrate heterogeneity remained unchanged despite sampling. We also cleaned the enclosure mesh twice weekly for the duration of the experiment. In addition, at the end of the experiment we visually surveyed substrate heterogeneity in each enclosure to assess the degree to which substrates changed during the 12 weeks of the experiment.
We also collected data on water chemistry (pH, conductivity, dissolved oxygen, temperature), stream discharge, and current velocity within each enclosure. Water chemistry parameters were measured using a YSI QS650 probe (Yellow Springs Instruments, Yellow Springs, Ohio, USA) and current velocities were obtained using a SonTek Flowtracker acoustic Doppler flow probe (SonTek/YSI, Inc., San Diego, California, USA). We obtained two measures of current velocity in each enclosure on each date-one measure closer to the front of the enclosure and one closer to the rear (''front'' being the side facing into current)-which were then averaged for each enclosure for a single estimate of within-enclosure current velocity.
In the laboratory, samples were refrigerated at 48C until further analysis. Benthic macroinvertebrate separation was undertaken within 48 hours of collection, prior to analysis of chlorophyll a and organic matter, and was accomplished using a combination of resuspension and removal under a compound microscope, followed by preservation in 75% ethanol solution. All collected individuals were identified to the lowest taxonomic level, usually species. Once all benthic macroinvertebrates had been removed, the remaining filtrate and sediment were frozen pending subsequent analyses. Samples for algal biomass and organic matter (OM) were thawed by immersion in warm water. We then used a standard sieve stack to separate the remaining filtrate, sediment, and gravel into coarse (.63 lm) and fine fractions. We captured all filtrate, both original and introduced, during this process and vacuum filtered it on a Whatman glass fiber filter (1.5 lm). Due to the small pore size of the filters, it was frequently necessary to subsample the filtrate (minimum volume ¼ 200 mL). Standing algal biomass in enclosures was estimated by extracting chlorophyll a from filtered filtrate as well as coarse and fine sediments. We used a boiling ethanol extraction that performs well for extraction of chlorophyll from both filtered and substrate-bound samples (Biggs and Kilroy 2000) . Following extraction, we used spectrophotometry to estimate absorbance of a 3-ml sample of the extracted chlorophyll a in solution and used this absorbance to estimate biomass (Biggs and Kilroy 2000) .
Following chlorophyll extraction, fine and coarse sediment fractions of samples were used to estimate coarse particulate organic matter (CPOM) and fine particulate organic matter (FPOM). Ethanol from the chlorophyll extractions was evaporated from samples at ;508C, after which we measured the ash free dry mass (AFDM) of organic matter in each size fraction. Once dried, samples were placed in weighing dishes, weighed, ashed at 5008C for 1 hour, then re-weighed to obtain the AFDM of organic matter from each sample.
Numerical analysis of responses
We used both aggregate and community-compositional measures of community temporal variability to characterize change in benthic macroinvertebrate communities (Micheli et al. 1999) . Aggregate variability was measured as the coefficient of variation (CV) of total macroinvertebrate abundance through time in each enclosure (Cottingham et al. 2001) . Community compositional variability was calculated by using species abundance data to create an ordination of communities, then measuring the change through time of communities in each enclosure with Euclidean distance between samples on successive dates (Brown 2003 (Brown , 2007 . Nonmetric multidimensional scaling (NMDS) was used to construct the ordination with a modified Gower dissimilarity. We chose the modified Gower metric because it corrects for ''double zero'' observations common in species abundance data and because it weights a change in species presence/absence equally to an order of magnitude change in abundance (Anderson et al. 2006) . We chose the dimensionality of the NMDS solution by using a scree plot (McCune and Grace 2002) . Prior to ordination, we removed extremely rare species which can have a large influence on ordination results (McCune and Grace 2002). We defined ''extremely rare'' as individuals that occurred less than three times during the experiment. We also used a second method to assess compositional variability (described in Anderson et al. 2006) to ensure that our results were method independent.
We employed several linear models to examine responses to our experimental treatments with substrate heterogeneity as a continuous predictor and the presence/absence of crayfish as a qualitative predictor. For several metrics-total macroinvertebrate abundance, species richness, OM, and algal biomass-we used repeated measures models to assess the interactive effects of the two treatments through time while accounting for autocorrelation between our sampling units (Neter et al. 1996) . In the repeated-measures models, crayfish presence was a categorical predictor while heterogeneity was continuous. The distribution of OM AFDM was strongly log-normally distributed, so we analyzed log-transformed AFDM. Since both of our measures of community variability integrate across time, we used simple linear regression to examine the relationship between community variability and substrate heterogeneity in each treatment.
RESULTS
We sampled 5748 benthic macroinvertebrates during the experiment, representing 162 taxa in five functional feeding groups (FFG): 64 taxa of general collecting/ gathering deposit feeders (collectors), 44 predators, 18 shredding detritus feeders (shredders), 18 algal grazers (grazers), and 15 filter feeders (filterers). Numerical abundance of each FFG was similar to their distribution of species richness with the exception that filter feeders were numerically very abundant despite the lowest species richness of any group: 44% collector/gatherers, 17% predators, 10% detritus shredders, 7% grazers, and 20% filter feeders. The data set was reduced to 105 species when very rare species were removed from the dataset prior to analysis.
RM-ANOVA revealed that total abundance of benthic macroinvertebrates was affected by substrate heterogeneity (F 1, 111 ¼ 7.22, P ¼ 0.0083) and by the presence of crayfish (F 1, 111 ¼ 7.41, P ¼ 0.0075). Abundance generally increased with substrate heterogeneity while average abundance was higher in the þcrayfish (with crayfish) treatment when compared to no crayfish (Fig. 1) . Neither time, nor any interactions between time, heterogeneity, and crayfish treatment had an effect on macroinvertebrate abundance.
The effect of habitat heterogeneity on temporal variability in total macroinvertebrate abundance (i.e., FIG. 1 . The relationship between macroinvertebrate abundance and substrate heterogeneity. Each point represents the mean (6SE) in an enclosure across the seven weeks of the experiment (post-crayfish addition). We show the relationship between abundance and substrate heterogeneity by treatment group (crayfish vs. no-crayfish) since a repeated-measures model identified experimental effects of both substrate heterogeneity and crayfish treatment, but no effect of time or of any interaction between model effects. Regression lines are shown for crayfish (black line) and no crayfish (gray line) treatments.
aggregate variability) differed markedly between crayfish treatments (Fig. 2) . In the crayfish enclosures, there was a very strong negative linear relationship (B 1 ¼ À0.18; r 2 ¼ 0.75; P ¼ 0.0012) between aggregate variability and substrate heterogeneity. In contrast, in enclosures with no crayfish, there was no detectable relationship (r 2 ¼ 0.12; P ¼ 0.33). Despite the difference in relationship with substrate heterogeneity, mean aggregate variability within each level of the crayfish treatment was almost identical between the crayfish and no crayfish levels at 0.68 6 0.09 (mean 6 1 SE) and 0.71 6 0.09, respectively.
There was also a dramatic difference in the relationship between macroinvertebrate community compositional variability and substrate heterogeneity across the crayfish treatment (Fig. 3) . In enclosures with crayfish, there was a strong positive linear relationship between variability and substrate heterogeneity (B 1 ¼ 0.066; r 2 ¼ 0.56; P ¼ 0.012) while there was no relationship in the no-crayfish treatment level (r 2 ¼ 0.080; P ¼ 0.43). However, similar to the results for aggregate variability, mean variability of the two treatment levels was very similar: crayfish ¼ 0.46 6 0.082; no crayfish ¼ 0.40 6 0.064. The NMDS ordination upon which these results were based used three axes and had a stress of 15.6. While this level of stress is only considered ''fair'' for an NMDS ordination (McCune and Grace 2002) , the addition of subsequent axes (and therefore lower stress) did not appreciably change the result of the variability analysis, so we opted for the simpler solution.
An examination of individual FFGs showed a diversity of responses of aggregate variability to the heterogeneity and crayfish treatments (Fig. 4) . Collectors very closely mimicked the results for the whole community. Shredders had negative linear relationships between temporal variability and substrate heterogeneity in both crayfish treatments. Predators demonstrated a similar pattern, though both regressions show only marginally significant regression slopes (Fig. 4) . Filterers produced a negative relationship in the no-crayfish FIG. 4 . Relationship between temporal variability (CV) of macroinvertebrate abundance and substrate heterogeneity for individual functional groups. Each point represents the aggregate temporal variability of an experimental unit across seven sampling dates. Least-squares regression lines are shown for all relationships with a probability P 0.05 of the hypothesis slope ¼ 0. No equivalent figure is shown for compositional variability since there were no significant relationships between compositional variability and substrate heterogeneity when functional groups were considered separately. treatment only, though the result was primarily driven by a single low-heterogeneity enclosure (Fig. 4) . Of the five dominant functional groups, only grazers seemed to show no negative relationship between aggregate variability and heterogeneity. However, a similar examination of the relationship between compositional variability and substrate heterogeneity within individual functional groups produced no significant relationships.
Through the length of the study, species richness of macroinvertebrates ranged from 1 to 46 per sample with a mean of 14.4 and a standard deviation of 8.9. According to a RM-ANOVA, species richness was only affected by the heterogeneity gradient (F 1, 109 ¼ 30.5, P , 0.0001) during the experiment with richness generally increasing with substrate heterogeneity (Fig. 5) . There was no effect of either the crayfish treatment (F 1, 109 ¼ 0.019, P ¼ 0.89) or time (F 6, 109 ¼ 0.77, P ¼ 0.59) or any interaction between the three main model effects.
There was no effect of either experimental treatment on two potential resources-algal and detrital biomass-according to RM-ANOVA. However, there was a significant effect of time on algal biomass due to an algal bloom toward the end of the experiment For detrital biomass, effects were: crayfish treatment, F 1, 127 ¼ 2.64, P ¼ 0.15; substrate treatment, F 1, 127 ¼ 1.06, P ¼ 0.36; time, F 7, 127 ¼ 4.73, P ¼ 0.81; with no significant interactions. For algal biomass, effects were: crayfish treatment, F 1, 124 ¼ 0.076, P ¼ 0.78; substrate treatment, F 1, 124 ¼ 1.38, P ¼ 0.24; time, F 7, 124 ¼ 2.73, P ¼ 0.011; with no significant interactions.
We also examined all physical and chemical variables (flow, pH, conductivity, dissolved oxygen, temperature) to assess whether they were related to any of our measures of variability. After examination of each variable both alone and included in multiple regression models, we concluded that none of these variables had an influence on measured response variables. This is not to imply that such physical and chemical variables are not important in stream systems. Rather the observed lack of influence is expected since treatments were randomly assigned to individual experimental units and therefore all physical and chemical variables would be expected to vary in an unbiased fashion with regard to our treatments.
Habitat heterogeneity changed to a minor degree during the eight-week experiment. The primary causes of changes in habitat heterogeneity were erosion of fine sediment from some enclosures, increased deposition of fine sediments in others, and a large bloom of benthic algae. These changes were not uniform across all enclosures in space. Changes in fine sediments were also primarily observed beginning on the seventh and eighth sampling dates due to two small floods that led to erosion in some enclosures and deposition in others. We chose not to include them in our analysis for four reasons: (1) We judged the changes to be relatively minor, (2) effects were unbiased with respect to treatment, (3) analysis of sediment collected during the experiment found no significant change through time, and (4) analytical simplicity.
DISCUSSION
The causes and consequences of temporal variation in communities inextricably entwines community composition and community structure with environmental variability and the habitat template of organisms. Populations vary due to intrinsic dynamics, but those dynamics are influenced by changing environmental conditions (Ives et al. 1999) as well as the various elements of organisms' habitat which mediate an organism's response to extrinsic environmental variability (Brown 2003 (Brown , 2007 . Superimposed on this complex FIG. 5 . Relationship between species richness of benthic macroinvertebrates and substrate heterogeneity of experimental enclosures. Points represent means (6SE) of individual enclosures across the seven sampling dates. We show only the richnessheterogeneity relationship since there was an effect of substrate heterogeneity but no effect of time or crayfish treatment in a repeated-measures ANOVA.
ecological tableau are species interactions that modify population dynamics (Ives et al. 1999 ) and the responses of organisms to their environment (Gonzalez and Descamps-Julien 2004, Downing et al. 2008) . As a result, the effect of any single source of variability in a community may be moderated by, or interact with, other sources or influences on variability. This was the case in our experiment.
Community structure-specifically the presence of crayfish which are keystone species and ecosystem engineers-altered the relationship between community variability and habitat heterogeneity. There was a stabilizing effect of habitat heterogeneity on aggregate variability (i.e., total macroinvertebrate abundance), but only when crayfish were present in the stream food web. When crayfish were not present, there was no effect of habitat heterogeneity on variability. We measured a similar result for community compositional variability in that there was a strong response to habitat heterogeneity when the community included crayfish, but not in communities without crayfish. However, in the case of compositional variability, the relationship between community variability and heterogeneity in the presence of crayfish was positive, i.e., higher variability in higher habitat heterogeneity enclosures. Even more intriguing is that, in both cases, it was the relationship between heterogeneity and variability rather than mean variability that changed when crayfish were part of the community. In both cases the mean and variance of temporal variability are very similar across the two treatments despite the differences in the relationship with habitat heterogeneity. Finally, in the case of compositional variability, there was not a dominant functional group driving patterns so that a relationship with substrate heterogeneity was only apparent when the entire community was considered simultaneously. Interestingly, this result is consistent with our previous work on relationships between habitat heterogeneity and community variability in similar communities (Brown 2003 (Brown , 2007 .
When simultaneously considering the responses of aggregate and compositional variability, an extremely interesting picture of community dynamics emerges. In the þcrayfish treatment, in low substrate-heterogeneity, there is high aggregate variability and low compositional variability, a combination indicative of synchronous dynamics (Table 1; Micheli et al. 1999) . However in high heterogeneity habitat we measured the opposite effectlow aggregate variability and high compositional variability-which is indicative of compensatory dynamics (Table 1; Micheli et al. 1999) . A shift from synchronous dynamics to compensatory dynamics is significant since synchronous dynamics exacerbate variability of aggregate properties, while compensatory dynamics stabilize aggregate properties of communities and ecosystems (Frost et al. 1995) . This stabilization translates into lower variability in ecosystem functions when the aggregate property of interest is closely associated with a particular function (Frost et al. 1995 , Downing et al. 2008 . In our particular case, the aggregate variable total macroinvertebrate abundance is very likely to be closely related to any number of functions including total biomass, secondary productivity, and OM processing. It is worth noting that most studies focusing on compensatory dynamics have focused on exacting measurements of species within a single functional group (Fischer et al. 2001 , Keitt and Fischer 2006 , Downing et al. 2008 rather than an entire community as is the case in our study. While using data on an entire community generally complicates mechanistic explanation behind synchronous or compensatory dynamics, the observed patterns and their implications should be no less valid. It is also important to recognize that the terms ''synchronous'' and ''compensatory'' are relative terms when they are defined by community variability rather than direct measurement of covariances between species. In our study, it would be more correct to say that dynamics in low-heterogeneity habitat tended toward synchrony, while dynamics in high-heterogeneity habitat tended toward compensation.
We only observed the change in community dynamics in the þ crayfish treatment, which suggests that crayfish activity is directly responsible for the shift. Based on data from the experiment, the best mechanistic explanation for this effect is that crayfish are acting as an enclosure-wide perturbation, either through direct consumption, the threat of direct consumption, or their activities as bioturbators. In high-heterogeneity enclosures, the greater diversity of substrate affords refuge for a large number of taxa, while fewer refugia exist in lowheterogeneity enclosures. This refuge effect is common in a wide variety of systems (Hildrew and Townsend 1977 , Crowder and Cooper 1982 , Caley and St John 1996 , Bergey 1999 , Finke and Denno 2002 , Mattila et al. 2008 . Interestingly, crayfish presence produced a significant increase in total macroinvertebrate abundance, suggesting that the effects of crayfish in enclosures are primarily due to engineering activities rather than direct consumption. Nor is the increase in total macroinvertebrate abundance inconsistent with crayfish acting as a perturbation through engineering activity since sediment removal by tadpoles, shrimp, fish and crayfish is known to have positive effects on abundances of some macroinvertebrate taxa (Power 1990 , Pringle et al. 1993 , Creed 1994 , Flecker 1996 . Our data were consistent with this trend in that the 15 species which significantly increased in abundance in the presence of crayfish were primarily smaller organisms that use interstitial space as habitat: chironomids (11 species), hydroptilid caddisflies (one species). Other species were larger-bodied organisms that either forage (tipulid dipterans, one species) or hunt (megalopterans, one species) in interstitial spaces. Furthermore, these taxa came from a variety of functional groups (collectors, predators, filterers, shredders) suggesting that crayfish effects were primarily due to changes in sediment abundance rather than trophic effects.
In general, the results of the experiment and our interpretation of mechanisms agree with our original hypothesis. The presence of an active predator and ecosystem engineer did produce variability in the macroinvertebrate community indicative of synchrony. Additionally, synchrony decreased with increasing habitat heterogeneity as predicted. However, while we did predict reduced synchrony in high heterogeneity habitat, we did not predict that we would see a complete shift in community dynamics from synchronous to compensatory. Additionally, while the potential mechanism producing synchrony seems fairly straightforward, it is not clear why macroinvertebrate responses to high habitat heterogeneity and the presence of crayfish combined to produce what appear to be compensatorylike dynamics.
It is also worth noting that there was a direct effect of substrate heterogeneity on species richness (Fig. 5) , a common relationship in stream systems (Minshall 1984, Poff and Ward 1990) . Furthermore, since diversity has been related to community temporal variability in a variety of systems (Cottingham et al. 2001) , there is a possibility of species richness directly affecting community variability through averaging or compensatory mechanisms (Doak et al. 1998 , Cottingham et al. 2001 . However, that does not appear to be the case in our experiment since the effect of heterogeneity on diversity was present in both levels of the crayfish treatment, rather than simply the with crayfish level.
In a complex natural system, there are other potential mechanisms that may have contributed to the effects in this experiment. Among those are direct consumptive effects of crayfish, an influence of experimental treatments on algal or detrital resources, or habitat heterogeneity as a refuge from hydrologic disturbance. However each of these alternative mechanisms can be confidently discarded based on available data. There was no effect of either the crayfish or substrate heterogeneity treatments on either algal or detrital biomass. Additionally, it seems safe to conclude that there was no overwhelming direct consumptive effect of crayfish since macroinvertebrate abundance was higher in the þcrayfish treatment. Finally, while habitat heterogeneity no doubt plays a role in creating refugia from flooding for macroinvertebrates (Brown 2003, Holomuzki and Biggs 2003) , there was only one minor high flow event and it occurred during the last week of the experiment. Furthermore, the stabilizing effect of habitat heterogeneity was only measured in the þcrayfish treatment level, whereas a flood refugia effect would be expected to manifest regardless of the crayfish treatment.
One of the primary goals of community ecology is to understand the causes and consequences of variability in natural communities (Micheli et al. 1999) . Ecologists have long appreciated that both intrinsic and extrinsic factors can drive or influence community variability. However, as our study illustrates, a full understanding of how and why communities change through time may necessarily involve simultaneous considerations of both intrinsic and extrinsic sources of variability since the interactions between these sources can produce dynamics that are not predictable based on single factors. As humans place increasing demands on the services provided by natural systems, understanding how multiple sources of variability interact to affect natural communities may represent an important link in our ability to effectively manage and conserve natural resources.
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